Introduction
Mitochondria are the organelles that mediate respiration and ATP synthesis in eukaryotic cells. They also participate in numerous indispensable metabolic pathways (e.g. synthesis of haem, nucleotides, lipids and amino acids) and they mediate intracellular homoeostasis of inorganic ions. Mitochondrial function is, therefore, essential for the viability of eukaryotic cells.
New mitochondria are formed by the growth and division of pre-existing organelles. Although mitochondria contain their own DNA and complete systems for its replication, transcription and translation, they synthesize only a few proteins (13 in humans). All other mitochondrial proteins are nuclearencoded and are synthesized on cytoplasmic ribosomes. These proteins must be transported from the cytosol to the correct mitochondrial subcompartment. There are four such subcompartments: outer membrane (OM), intermembrane space (IMS), inner membrane (IM) and matrix. Protein import into mitochondria is therefore a fundamental mechanism of mitochondrial biogenesis. Much of the information on mitochondrial protein import has come from studies of the yeast, Saccharomyces cerevisiae, and the mold, Neurospora crassa. It is like-ly, however, that similar mechanisms function in human mitochondria, since human mitochondrial precursor proteins can be efficiently imported into yeast mitochondria and human homologues of yeast mitochondrial protein translocases have been identified [1, 2] .
Mitochondrial targeting and sorting signals
Most matrix proteins are synthesized as preproteins with an N-terminal extension known as the signal sequence, targeting sequence or presequence (Figures 1 and 2 ). In general, signal sequences are 15-30 amino acids long and are rich in positively charged (usually Arg) and hydroxylated (Ser and Thr) residues; they usually lack acidic amino acids. Comparison of the primary structures of these signal sequences reveals no obvious homology or motif that might be responsible for the targeting function. These signal sequences, however, can adopt an amphiphilic ␣-helix that might be important for their recognition by the mitochondrial protein-import machinery. The signal sequence is both necessary and often sufficient for directing a protein into mitochondria [1, 2] . Upon import, the signal sequence is removed by matrixlocalized signal peptidase(s) (see below). Proteins like cytochrome b 2 and cytochrome c 1 are synthesized with unusually long presequences (60-80 amino acids) that contain two domains: the N-terminal hydrophilic domain, which resembles a matrix-targeting signal, and the C-terminal hydrophobic domain responsible for sorting to the IMS. Cleavage of this long presequence occurs in two steps, the first being catalysed by the matrix-processing peptidase (MPP), the second by peptidase(s) located at the outer face of the IM (Imp1p and Imp2p). A particularly challenging question concerns how mitochondria decode the IMS sorting information [1] . According to the 'conservative sorting' model, cytochrome b 2 and cytochrome c 1 are first imported completely into the matrix and then re-exported across the IM to the IMS by a process that resembles protein secretion in bacteria. Alternatively, according to the 'stop-transfer' model, the hydrophobic domain of the presequence arrests translocation through the IM, leaving the mature part of the precursor protein in the IMS without ever crossing the IM ( Figure  1b) .
On the other hand, many preproteins lack cleavable signal sequences, and instead carry their targeting information in poorly defined internal sequences. This class of proteins includes all OM, some IMS and some IM proteins. Most of these preproteins also contain a hydrophobic sorting signal that interrupts translocation across the OM or the IM, and thereby helps to direct the protein to its final destination in the OM, the IMS or the IM (Figures 1a-c) .
Post-translational import and cytosolic chaperones
Mitochondrial precursor proteins can be imported post-translationally [1, 2] . If a precursor protein is synthesized in vitro in a cell-free translation system (e.g. rabbit reticulocyte lysate), the ribosomes can then be sedimented, leaving the nascent preprotein in the post-ribosomal supernatant. When isolated mitochondria are added to this supernatant, the precursor protein is imported into mitochondria. Pulse-chase experiments in vivo also suggest a posttranslational mechanism of import; preproteins can be detected in the cytosol before they are imported into the mitochondria. However, in vivo it is possible that some proteins are imported in a co-translational manner. For example, when yeast cells are treated with cycloheximide to block the cytosolic protein synthesis, cytoplasmic ribosomes remain attached to mitochondria. The mRNAs associated with these ribosomes are enriched in mRNAs of mitochondrial proteins.
A prerequisite for post-translational import is that preproteins must be maintained in a translocation-competent conformation. In some cases, this is achieved through interactions with cytosolic chaperones, such as members of the Hsp70 family and mitochondrial-import-stimulating factor (MSF). The latter is a heterodimer of 30-and 32-kDa subunits and belongs to the family of 14-3-3 proteins. Although both Hsp70 and MSF are ATPases, they differ in substrate specificity: while Hsp70 can interact with proteins destined for mitochondria as well as other organelles, MSF preferentially interacts with mitochondrial proteins. Mitochondrial preproteins interacting with Hsp70 or MSF are initially transferred to two different receptor subcomplexes that subsequently present the preproteins to the OM channel (see below). Cytosolic chaperones, however, are not required for targeting specificity because chemically pure preproteins can be imported in the absence of any added cytosolic factors [1, 2] .
Import machinery of mitochondrial membranes
The import of preproteins into mitochondria is mediated by a general translocase in the OM (the Tom complex), which co-operates with two distinct translocases (Tim17-23 and Tim22-54 complexes) in the IM. The number by which a Tom or a Tim protein is designated indicates the molecular mass of that component in kDa. Following translocation across the OM, matrix proteins utilize the Tim17-23 complex whereas the IM carrier proteins utilize the Tim22-54 complex. The Tim17-23 pathway has been characterized extensively over the years whereas the Tim22-54 pathway has been described very recently ( Figure 2 ).
Identification of Tom and Tim components
Both biochemical and genetic approaches have been used to identify Tom and Tim components [1] [2] [3] . Examples of the former include: (i) use of specific antibodies that bind to the translocase(s), thereby blocking import, (ii) crosslinking of precursors arrested during translocation and (iii) immunoprecipitation of protein complexes from detergent-solubilized membranes using antibodies against channel components. Genetic methods have included: (i) mislocalization of the cytosolic URA3 gene product to the mitochondrial matrix by attaching a mitochondrial signal sequence, then selection for mutants with URA3 activity due to retention of the chimaeric gene product in the cytosol, (ii) selection of temperature-sensitive yeast mutants based on accumulation of the precursor forms of imported proteins, (iii) screens for extragenic or high-copy suppressors of channel-protein mutants that have already been identified and (iv) identification of candidate proteins based on their sequence homology to other proteins.
The Tom complex
The signal sequence of an OM protein initiates translocation through the Tom machinery but then abrogates further translocation so that the protein exits laterally into the plane of the OM (Figure 1a) . Proteins destined for other subcompartments are fully translocated across the OM (Figures 1b-1d) . The Tom machinery consists of at least eight OM proteins: four receptor subunits (Tom20 [4] , Tom22 [5] , Tom37 [6] and Tom70 [7] ), three small proteins (Tom5 [8] , Tom6 [9] and Tom7 [10] ) and a main component of the general insertion pore (GIP; Tom40 [1, 11, 12] ). When mitochondria are solubilized with non-ionic detergents, two receptor subcomplexes can be distinguished: Tom22-Tom20 and Tom70-Tom37. These two subcomplexes interact with each other via motifs of 34 amino acids termed the 'tetratricopeptide repeat'. Tetratricopeptide repeat motifs present in Tom70, Tom37 and Tom20 are likely to participate in dynamic protein-protein interactions. The receptor subcomplexes capture preproteins from the cytosol in at least two different ways ( Figure 2 ). The Tom22-Tom20 complex recognizes precursor proteins that are normally bound to cytosolic Hsp70. These preproteins usually have N-terminal cleavable signal sequences. While the negatively charged Tom22 recognizes the positively charged surface of the amphipathic presequence via an electrostatic interaction, Tom20 binds to the non-polar face of the presequence. In a second mechanism, the Tom70-Tom37 complex recognizes precursor proteins which are presented to mitochondria in a complex with MSF. These preproteins usually contain internal targeting information. The precursor bound to the Tom70-Tom37 complex is subsequently transferred to the Tom22-Tom20 complex. The two targeting pathways, however, are not strictly separated, since some preproteins can interact with either Tom22-Tom20 or Tom70-Tom37 complexes. Among the four receptors, Tom22 is the only receptor that is essential for protein import and cell viability. Thus, both in vitro and in vivo, Tom20, Tom37 and Tom70 can be bypassed without severe functional consequences [1, 2] .
After associating with the receptors, preproteins move into and across a GIP. This pore is formed by at least four membrane-embedded components: Tom5, Tom6, Tom7 and Tom40. Whereas the first three small Tom proteins are not essential, Tom40 is the main constituent of the GIP and is essential for protein import and cell viability [1, 2] . Recently, Pfanner and co-workers have described functional reconstitution of Tom40 [13] . Purified Tom40 forms a hydrophilic cation-selective high-conductance channel with a diameter of approx. 22 Å. This channel specifically binds to and transports mitochondrial signal peptides. The size of the channel diameter indicates that preproteins in their typical folded conformation cannot permeate the channel; they may pass through only in an ␣-helical or an extended conformation. These results are in good agreement with the numerous observations that a preprotein must be at least partially unfolded prior to import [1] .
Tom5 may provide a link between import receptors and the OM import channel [8] . After interaction with the receptors, preproteins are transferred to Tom5. Tom5 has a single OM anchor and a cytosolic segment with a net negative charge. The latter domain perhaps facilitates interactions with positively charged targeting sequences and the subsequent insertion of preproteins into the GIP. Tom6 and Tom7 do not interact directly with the preprotein while it is in transit, but they are likely to modulate the assembly and dissociation of the Tom machinery. Tom6 promotes the association of both the Tom22-Tom20 and Tom70-Tom37 receptor subcomplexes with the import pore, Tom40. On the other hand, Tom7 favours the dissociation of the Tom22-Tom20 complex from Tom40 as well as the dissociation of the Tom22-Tom20 subcomplex itself.
The structural organization of the Tom complex from N. crassa mitochondria has recently been described by Neupert and co-workers [14] . Upon reconstitution into liposomes, the purified Tom complex mediates the integration of OM proteins into the lipid bilayer. It is also capable of mediating the import of IMS proteins and of N-terminal signal sequences of matrix-targeted proteins across the bilayer. The Tom complex represents a cation-selective high-conductance channel. Electron microscopy and image analysis of negatively stained Tom complexes demonstrate stain-filled openings with apparent diameters of 20 Å, which may represent import pores and are likely to be formed by Tom40.
At least two hypotheses have been proposed to explain what drives the translocation of preproteins across the OM. The 'acid chain hypothesis' proposes that the translocation across the OM is driven by binding of basic N-terminal presequences to acidic receptors of increasing avidity [15] . A 'cissite/trans-site' model provides a similar explanation [1] . Binding of preproteins with matrix-targeting signals to the Tom22-Tom20 complex is defined as the cis-site binding. During or after translocation across the OM, presequences interact with a trans-binding site on the IMS side of the OM. While the molecular nature of the trans-binding site remains unclear, it can be distinguished from the cis-binding. The cis binding is very labile and salt-sensitive, whereas the trans binding is much tighter and mostly salt-resistant. The trans binding is therefore unlikely to be mediated mainly by ionic interactions. Nevertheless, the presence of two (or more) binding sites with increasing affinity for presequences could at least partially explain transmembrane movement across the OM.
The Tim22-54 machinery for insertion of carrier proteins into the IM Many polytopic IM proteins (e.g. ADP/ATP carrier) lack a cleavable signal sequence at their N-termini. Instead these proteins contain one or more internal signals. They utilize the general Tom complex for translocation across the OM. At the trans side of the OM, these carrier proteins use a specialized Tim22-54 pathway for insertion into the IM (Figure 2 ). On the other hand, polytopic IM proteins with a cleavable N-terminal signal sequence (e.g. Atm1p, an ATP-binding-cassette transporter) appear to follow the general Tim17-23 matrix pathway (discussed in the next section).
As the N-terminus of the carrier protein becomes exposed to the IMS, it binds to a soluble 70 kDa complex consisting of Tim9 and Tim10 proteins. Such an interaction pulls the carrier protein across the Tom channel. The carrier is subsequently delivered to a 300 kDa membrane-embedded complex which, in addition to a small fraction of Tim9 and Tim10, contains two integral membrane proteins (Tim22 and Tim54) and one peripheral membrane protein (Tim12). This complex catalyses the insertion of the carrier protein into the IM in a membrane-potential (⌬⌿)-dependent manner. Tim9, Tim10, Tim12, Tim22 and Tim54 are all essential for cell viability. Two other soluble IMS proteins, Tim8 and Tim13, have been identified as additional components that guide other hydrophobic proteins (e.g. Tim23) through the IMS to the IM insertion machinery (Figure 2 ). Neither Tim8 nor Tim13 is essential for viability. Due to space limitations, original references for Tim proteins described in this section cannot be cited. Instead, readers are referred to a very recent and excellent review that emphasizes in detail the role of these Tim proteins in the biogenesis of mitochondrial IM proteins [3] .
The Tim17-23 complex for import into the matrix
The Tim17-23 complex consists of Tim17 [16, 17] , Tim23 [18, 19] and Tim44 [20, 21] , which are essential elements of the general import pathway for translocation of preproteins across the IM into the matrix. Tim17 and Tim23 are integral membrane proteins and are believed to be the core elements of the IM channel. These two proteins are predicted to span the membrane four times and share sequence similarity in their transmembrane domains. The hydrophilic N-terminal portion of Tim23 is exposed to the IMS. This domain contains a net negative charge and could potentially serve as a sensor that recognizes positively charged signal sequences as they emerge from the trans side of the OM channel (Figure 2 ). Unlike Tim17 and Tim23, Tim44 behaves as a peripheral membrane protein with a large matrix domain; it appears to couple channel function with the energy device that drives the import process. Tim44 recruits mitochondrial Hsp70 (mt-Hsp70) to the site where the preprotein emerges from the Tim channel. mt-Hsp70 is essential for viability and participates not only in protein translocation but also in protein folding in the matrix (described below).
Energy requirements for preprotein translocation into the matrix
The role of membrane potential Translocation of preproteins into or across the IM is absolutely dependent on a membrane potential (⌬⌿). The membrane potential exerts its effect early in the series of Tim-mediated processes [1, 22] . Only the initial insertion and partial translocation of a presequence across the IM requires ⌬⌿; translocation of the mature part of the preprotein does not require ⌬⌿. It seems likely that the positively charged presequence is electrophoretically 'pulled' through the IM by the ⌬⌿ across this membrane (negative inside).
The role of GTP
The completion of translocation into the matrix is independent of ⌬⌿ but requires a GTP-dependent 'push'. The GTP-dependent push of the polypeptide chain across the IM, in turn, may facilitate unfolding of the Cterminal domains outside the organelle (Figure 3 ). This push is likely to be mediated by an unknown membrane-bound GTPase on the cis (IMS) side of the IM [22] .
The role of matrix ATP-dependent interactions
After a sufficient length of the polypeptide chain has penetrated into the matrix due to the continuing GTP-dependent push, mt-Hsp70 comes into play (Figure 3 ). An efficient unidirectional transmembrane movement of proteins across the IM into the matrix is achieved only through co-ordination of cis GTP-dependent processes and trans ATP-dependent mt-Hsp70-Tim44 cycles. Both these processes are necessary; neither one can substitute for the other if efficient import into the matrix is to be achieved. It remains to be determined whether the GTP-dependent push is turned off after mt-Hsp70 grabs the incoming polypeptide chain. Alternatively, the process might continue until the import is complete [22] . Two models, the 'Brownian ratchet' [23] and the 'molecular motor' [24] , have been advanced to describe how mt-Hsp70 participates in import. Both agree that mt-Hsp70 and ATP hydrolysis in the matrix participate in vectorial movement of preproteins into this compartment. The specifics of how this movement is achieved, however, remain unresolved. The Brownian ratchet mechanism is based on the observation that preproteins en route to the matrix can oscillate back and forth within the translocation channels. As a result of Brownian motion, segments of the polypeptide chain in transit periodically become exposed on the matrix side. Subsequent binding of the mtHsp70-Tim44 complex to these exposed segments has been proposed to prevent backward movement of the incoming polypeptide chain. A sequence of such binding events converts the random oscillation into unidirectional movement of the polypeptide into the matrix. According to the molecular motor model, binding of the incoming polypeptide chain to the mt-Hsp70-Tim44 complex stimulates ATP hydrolysis by mt-Hsp70, leading to a conformational change in mt-Hsp70 which in turn is used to actively pull a segment of the bound polypeptide chain into the matrix. It is difficult to decide between the two models described above; they may not be mutually exclusive [1, 2] .
Proteolytic maturation of preproteins in the matrix
For most precursors that are targeted to the matrix, the signal sequence is removed in one step by MPP. The enzyme consists of two subunits (␣ and ␤) and both are required for activity. In many cases, the MPP cleavage requires a basic residue (mostly Arg) at position -2 and often also in position -3 with respect to the cleavage site. In yeast, disruption of either of the two subunits of MPP is lethal. Although the targeting function of the signal sequence is not dependent on its removal by MPP, removal of these sequences from precursor proteins might be required either for proper assembly of imported proteins or for their dissociation from other components of the import machinery.
A subset of preproteins undergoes a second processing step: the precursor is first cleaved by MPP to generate an intermediate. The intermediate is subsequently processed to the mature form by the mitochondrial intermediate peptidase, which is also located in the matrix. The dual cleavage site is usually characterized by the motif RX↑ 1 (F/L/I)XX(T/S/G)XXXX↑ 2 , where cleavage (↑) 1 represents the MPP site and cleavage 2 represents the mitochondrial intermediate peptidase site [1] .
Protein folding in the matrix
Preproteins are translocated across the mitochondrial membranes in an extended conformation. Following import and maturation, these proteins must fold properly into their active conformations and/or assemble into functionally active complexes. As mentioned above, the mt-Hsp70-Tim44 complex binds to preproteins entering into the matrix. The nucleotide-dependent interactions of mt-Hsp70, with Tim44 and also with substrate proteins, is regulated by Mge1, a homologue of bacterial GrpE. Mge1 is an essential protein and serves as a nucleotide-exchange factor. In the simplest case, proteins are released from mt-Hsp70, after which they fold spontaneously. The folding pathway for most proteins, however, is more complex and requires the participation of other chaperones. For example, a cochaperone Mdj1, the homologue of bacterial DnaJ, co-operates with mt-Hsp70 to prevent misfolding of some imported proteins. Furthermore, a majority of imported proteins fold with the help of Hsp60 and Hsp10, which are the mitochondrial homologues of bacterial GroEL and GroES, respectively. For some proteins, the cis/trans isomerization of peptide bonds preceding a prolyl residue is critical for folding, and this is catalysed by peptidyl-prolyl cis/trans isomerases [1] .
Perspectives
Over the past 20 years we have learned a great deal about mitochondrial biogenesis. However, the field is still wide open with numerous fundamental questions remaining. One area is the identification of new components of the mitochondrial import machinery. Although many Tom and Tim proteins have been reported, the complexity of the mitochondrial two-membrane import machinery makes it likely that other components remain to be identified. For example, GTP plays an essential role in matrix-protein import, its effect is probably mediated by GTP-binding protein(s), and yet to date none have been identified as part of the Tom or Tim machinery. Perhaps the most puzzling area is how the protein-conducting channels work. In mitochondria, the IM must remain impermeable to small molecules. Translocation of proteins across the IM channel therefore must not lead to any concomitant free exchange of ions and small metabolites between the IMS and the matrix, which would be detrimental to mitochondrial functions. How this is achieved is a mystery. Finally, a major challenge lies in using our knowledge of mitochondrial biogenesis for determining the aetiology of, and developing therapies for, some of the diseases related to mitochondrial dysfunction. Several neurodegenerative disorders, ischaemic heart disease, late-onset diabetes and aging all have features related to mitochondrial dysfunction [25] . 
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